We study the use of coherent counterpropagating interfering waves to increase threefold to sevenfold the optical bandwidth and the resolution of fluorescence microscopy along the optic axis. Systematic comparison of the point-spread function and the optical transfer function (OTF) for the standing-wave microscope (SWM), the incoherent illumination interference image interference microscope (I 5 M), and the 4Pi confocal microscope reveals essential differences among their resolution capabilities. It is shown that the OTF's of these microscopes differ strongly in contiguity and amplitude within the enlarged range of transferred frequencies, and therefore they also differ in their ability to provide data from which interference artifacts can be removed. We demonstrate that for practical aperture angles the production of an interference pattern is insufficient for improving the axial resolution by the expected factor of 3-7. Conditions of the OTF for unambiguous improvement of axial resolution of arbitrary objects are fulfilled not at all in the SWM, partially in the I 5 M, and fully in the two-photon 4Pi confocal microscope.
INTRODUCTION
The improvement of spatial resolution is an active area of research in far-field fluorescence microscopy. Whereas the breaking of the diffraction barrier up to a factor of 6 has been recently demonstrated with stimulated emission depletion (STED) microscopy, 1,2 particular effort has been exerted to increase the resolution along the optic axis, where the typical axial elongation of the focal spot of a lens allows an improvement within the diffraction barrier. 3 The axially elongated focal spot or intensity point-spread function (PSF) is a particular drawback in three-dimensional (3D) microscopy, 4, 5 because it leads to an axial resolution that is at least 3-4 times poorer than its lateral counterpart. In fact, substantial misrepresentations of the object in the image are connected with this fundamental problem.
A substantial increase of axial resolution has been claimed by the techniques of the standing-wave microscope (SWM), 6 ,7 the 4Pi confocal microscope, 8, 9 and the incoherent illumination interference image interference microscope (I 5 M), 10, 11 which all have been experimentally realized and applied to cellular imaging. In contrast to regular microscopy or STED microscopy, these microscopes have in common that they utilize two lenses and interference of two counterpropagating coherent fields for illumination and/or detection.
The basic idea of the SWM is to produce a flat standing wave of laser light in order to create a set of excitation nodal planes in the sample along the optic axis. It uses wide-field detection on a camera, like any conventional fluorescence microscope. 4Pi (confocal) microscopy coherently combines spherical illumination or detection wave fronts of two opposing lenses of high aperture in order to increase the total focusing aperture. The more recent I 5 M shares principles of both systems and uses wide-field excitation to create parallel nodal excitation planes. When illuminating with a lamp in the Köhler mode, the excitation field is a superposition of flat standing waves tilted to the optic axis that are mutually incoherent with changing angle of incidence on the focal plane, much as is the case in the excitation field synthesis SWM. 12 As is optionally the case in the 4Pi confocal microscope, 8 the fluorescence is also coherently collected through both objective lenses and imaged onto a camera. Whereas the latter poses an additional alignment challenge, the use of a lamp and parallelization through wide-field imaging renders the I 5 M a very interesting system. At first sight, the potential of resolution improvement of these microscopes may be ascribed to interference fringes that enlarge the axial bandwidth of their optical transfer function (OTF).
Therefore the differences among the SWM, the 4Pi microscope, and the I 5 M are often considered to be technical in the first place. In fact, comparisons among these microscopes usually concentrated on technical issues, such as their imaging speed and whether they require scanning or a laser. 11 Recently, a useful and explanatory comparison of the OTF supports has been published, 13 but as we will argue in this paper, the support alone is insufficient for a comparative evaluation. To find the potential differences between the imaging properties of these concepts, a thorough comparison of their PSF and OTF is needed. Moreover, while valuable work on the OTF of the 4Pi confocal microscope has been published, 14 a quantitative comparative description of the OTF and the PSF of all these microscopes is still lacking, thus making it impos-sible to ponder their advantages versus their particular challenges.
The existence of critical difference is also hinted by another fact: The SWM reportedly produced stacks of multiple thin interference layers in a sample 6 but has not unambiguously resolved features stretching over an axial range that is larger than the typical width of an interference peak (0.1-0.2 m). In fact, it is questionable whether the SWM is able to deliver extended axial images with improved axial resolution at all. 15, 16 Historically, axial resolution improvement was first achieved with 4Pi confocal microscopy, both in 3D test samples 17 and in fixed and live cells. 9, 18, 19 More recently, a similar resolution has also been achieved with the I 5 M. 11 We will argue that the reason for this difference in performance is that the SWM, the 4Pi microscope, and the I 5 M all face the challenge of multiple maxima in their PSF, but this problem has varying degrees of severity depending on the specific technique, and hence it is met with variable success. In all systems, the multiple maxima enforce data deconvolution of one form or another. (An exception is the proposed STED 4Pi confocal microscope, 20 where the fluorescence in the side maxima is suppressed by stimulated emission.) Without deconvolution the potential increase in axial resolution is spoiled by the periodic maxima, so that the detailed properties of the OTF and the definition of proper deconvolution algorithms are essential for these microscopes.
In the present paper, we calculate, analyze, and compare both the PSF and the OTF of the SWM, the I 5 M, and the 4Pi confocal microscope and demonstrate that the success of increasing the axial resolution with coherent counterpropagating beams depends not only on the achievable optical bandwidth but also on whether and how they transfer object frequencies within this bandwidth. The latter is a prerequisite for the removal of the interference artifacts by deconvolution. In some systems, the OTF exhibits weak parts or even gaps 10, 15 along the optic axis. We will quantify these gaps for a particular optical setting and show them to be intimately connected with the optical arrangement. We demonstrate that gaps in the OTF may render the removal of artifacts impossible, so that a genuine increase in axial resolution becomes impossible as well.
PROPERTIES OF STANDING-WAVE, INCOHERENT ILLUMINATION INTERFERENCE IMAGE INTERFERENCE, AND 4PI CONFOCAL MICROSCOPES
A. Point-Spread Function The differences among the above concepts is reflected by the different structures of the excitation and detection PSF's of these microscopes, and also the effective PSF's governing the image formation are substantially different (Fig. 1) . As the absolute phase of the illumination light is lost upon absorption, we can treat fluorescence image formation as an incoherent process, for which the effective PSF is given by the product of the excitation and detection PSF's. 5 In the case of two-photon excitation, 21 the effective excitation PSF is obtained by squaring the PSF at the excitation wavelength.
Three major types of 4Pi confocal microscopy have been reported. 8 They differ on whether the spherical wave fronts are coherently added for illumination, for detection, or for both simultaneously and are referred to as type A, B, and C, respectively. The excitation PSF of the confocal microscope and the detection PSF's of the SWM and the wide-field, confocal, and 4Pi type A microscopes are regular intensity PSF's. For the excitation PSF of the 4Pi confocal microscope and the detection PSF's of the I 5 M and the 4Pi confocal microscope of type C, we consider constructive interference between the two spherical wave fronts.
To reveal how these microscopes compare with standard techniques, Fig. 1 also displays the PSF of the conventional epifluorescence and standard confocal microscopes.
The epifluorescence microscope features a uniform illumination intensity throughout the sample volume. In contrast, the SWM and the I 5 M are illuminated by characteristic flat standing-wave patterns.
To obtain a practically relevant comparison between their performances, we have calculated the PSF for a numerical aperture NA ϭ 1.35 oil immersion with refractive index n ϭ 1.51. The assumption of NA ϭ 1.35 rather than 1.4 is in good agreement with what is found in the experiments; the dependence on the NA or the aperture angle will be discussed separately below. For singlephoton excitation, we assumed excitation and detection wavelengths of exc ϭ 488 nm and det ϭ 530 nm, respectively; for two-photon excitation, we elected exc2h ϭ 800 nm. We first chose to neglect the finite size of the confocal pinhole and the camera pixel in the detection PSF, because when correctly adjusted, these parameters do not affect the general conclusions of our study. The role of a finite pinhole diameter will be discussed below. The PSF's were numerically computed in a volume of 128 ϫ 128 ϫ 512 pixels in the X, Y, and Z directions, respectively, for cubic pixels with 20-nm length. The number and the size of the pixels facilitated the numerical calculation of the transfer function by Fourier transformation; of the 512 pixels in the Z direction, only data based on the central 256 pixels are shown in Fig. 1 .
The PSF's of Fig. 1 were calculated for aplanatic lenses by using the vectorial theory of Richards and Wolf. 22 The (intensity) PSF of a single lens illuminated by circularly polarized light is given by
where M, and the conventional wide-field, confocal, 4Pi confocal type C, two-photon 4Pi confocal type A, and two-photon 4Pi confocal type C microscopes. (a) Excitation, detection, and effective PSF's, shown in the upper, center, and bottom panels, respectively. The LUT emphasizes weak regions of the PSF. The aliasing effect in the excitation PSF of the SWM is due to the LUT. (b) Axial profiles along the optic axis (upper row) are compared with axial profiles through a laterally offset point characterized by an intensity of 10% of that found at the geometric focal point (lower row). Whereas in the conventional microscope, the SWM, and the I 5 M the lateral defocus is associated with pronounced changes in the axial profiles, in the confocalized systems the shape of the profiles is largely unaltered, so that their effective PSF's can be factorized into a radial and an axial function.
␣ max is the semiaperture angle, and u, v are optical units. 22 A is a constant, and is the azimuth angle. E 1 and E 2 denote the focal fields of the two lenses, which interfere in the desired manner for an appropriate phase retardation. 23 The PSF for coherent addition of two focused circularly polarized beams (the 4Pi PSF) is given by
where
Re and Im denote the real and imaginary parts, respectively. The excitation intensity in the SWM is fundamentally different from that of a 4Pi confocal microscope [ Fig. 1(a) ] because it is given by a plane standing wave along the optic axis:
where I const denotes a constant, k 0 ϭ 2n/ exc is the wave number, and is the relative phase of the interfering beams. For the SWM, and also for the other microscopes, we set ϭ 0, so that constructive interference is given at the common focal point. The excitation PSF of the SWM and the I 5 M are displayed in Fig. 1 (a) next to that of the 4Pi (type C) microscope, which is fundamentally different.
Whereas the 4Pi confocal microscope uses a spatially coherent, pointlike laser illumination, the I M is calculated by adding the weighted intensity of plane standing waves with 0 р р ␣ max :
If the I 5 M elects to illuminate the sample criticallywhich may not be recommended because of potential nonuniformities in the illumination-its excitation PSF is found by integrating a 4Pi excitation PSF in the focal plane. The integration accounts for the averaging resulting from the wide-field illumination, with R being the radius of the field of view in optical units:
Equation (8) leads to a result that is not very much different from that predicted by Eq. (7) and hence will not be further discussed. We also elect not to discuss another version of this approach: the incoherent illumination interference microscope (I 3 M) and the excitation field synthesis SWM. The I 3 M is easier to align, inasmuch as it does not require coherent detection through both objective lenses, but offers far less favorable imaging conditions for improving the resolution. Figure 1 (a) systematically compares the XZ sections along the optic axis of the PSF of the SWM, the I 5 M, and the wide-field conventional, confocal, 4Pi confocal type C, two-photon excitation 4Pi confocal type A, and two-photon excitation 4Pi type C microscopes. 24 The color lookup table (LUT) has been chosen so that the regions of weak signal are emphasized. This allowed us to reveal subtle but important differences among the PSF's. Areas of low but nonnegligible intensity are important, since they cover a large volume and substantially contribute to the image formation.
When scrutinizing the PSF [ Fig. 1(a) ], the differences become apparent. Because of the incoherent addition of the standing-wave spectrum, the local minima in the excitation PSF of the I 5 M are not zero, unlike the case for the SWM. Still, whereas the excitation modes of these microscopes are similar, those of the 4Pi confocal microscopes are different. The key difference is that as a result of focusing the 4Pi PSF's are confined in the lateral direction, so that contributions from outer lateral parts of the focal region are reduced.
The confinement has important consequences. Whereas the 4Pi confocal microscope, especially its twophoton version, exhibits two rather low lobes, the I 5 M and even more so the SWM feature a multitude of lobes and fringes on either side of the focal plane. The second consequence is that the 4Pi confocal PSF, in good approximation, can be separated 25, 26 into an axial function h l (z) and a radial function c(r):
This feature can be recognized in Fig. 1(b) , where the axial profiles h(r, z) are plotted for all microscopes (top), including the conventional and the confocal, next to the laterally offset profiles (bottom). The lateral offset (r , 0) was chosen such that h(r , 0) amounted to 10% of h(0, 0). The separability is a particular feature of the 4Pi confocal arrangement; as in the SWM and the I 5 M, the number and the relative height of the lobes increase dramatically when moving away from the focal point. In the SWM, the lobes become even higher than the central peak itself. In the I 5 M, the secondary maxima are as high as the first maxima of the single-photon 4Pi confocal microscope of type C.
Not surprisingly, the regular confocal PSF exhibits the same separability, whereas the PSF of the conventional fluorescence microscope is also not separable [ Fig. 1(b) ]. The additional use of two-photon excitation leads to a further suppression of the outer parts of the excitation focus and thus of the sidelobes of the 4Pi illumination mode. Therefore the key to separability is the suppression of out-of-focus regions by an effective PSF that scales quadratically, cubically, or higher with the local intensity distribution, as is the case in a confocalized or multiphoton excitation system. Figure 1 also reveals that, together with coherent detection (type C), two-and certainly also three-photon excitation 4Pi confocal microscopy feature an almost lobe-free PSF.
B. Optical Transfer Function
The characteristics of the three concepts become even more apparent when calculating the complex incoherent OTF. We obtained the OTF by Fourier-transforming numerically the 3D PSF, shown in Fig. 1(a) , in the calculated range of 128 ϫ 128 ϫ 512 pixels. The effective OTF of the microscope is given by the convolution of the excitation and detection OTFs. The excitation OTF of a conventional wide-field fluorescence microscope consists of a peak at (k r ϭ 0, k z ϭ 0), reflecting the total excitation intensity in the limited integration range. The Fourier transform of the (intensity) PSF of a single lens leads to the well-known OTF with a missing cone along the optic axis and a singularity in the center. The finite range of the underlying PSF confines the singularity to a finite value in our calculations. Convolution of this OTF with itself yields the confocal OTF. 5 The wide-field and confocal OTF's are less extended in the axial than in the lateral direction, thus accounting for the poorer resolution along z.
In contrast to wide-field and confocal microscopy, the OTF of the SWM is not contiguous. Because of the cosine-squared modulation (6), the excitation OTF of the SWM differs from the wide-field excitation OTF only by the additional delta peaks at k z 1,2 ϭ Ϯ4n/ exc of half the height of the peak at (k r ϭ 0, k z ϭ 0). Therefore the effective OTF of the SWM has a central low-frequency part, identical to the conventional microscopy OTF, and two distinct high-frequency parts, which are separated by large gaps. The axial profiles in Fig. 2(b) are particularly revealing. As we will show in Section 3, the gaps pose a problem to deconvolution because a large part of the object spectrum is not gathered by the microscope.
The excitation OTF of the I 5 M also has a pronounced zero-frequency peak (at k r ϭ 0, k z ϭ 0) and two thin and weak sidebands along the k z axis (Fig. 2) . The sidebands trace back to the spectrum of the aperture angles of the incoherently added plane standing waves. Each sideband ranges from k min ϭ 4n(cos ␣ max )/ exc to k max ϭ 4n/ exc . The zero-frequency peak is much stronger than the sidebands because it must equal the integral over the sidebands. Coherent detection gives rise to high-frequency parts in the detection OTF of the I 5 M (Fig.  2, center panel) . Similar to the case for the SWM, the high-and low-frequency parts are separated by a considerable gap. It is now interesting to note that the convolution with the excitation OTF fills this gap in the effective OTF of the I 5 M. This has been rightly pointed out as a major advantage of the I 5 M over the SWM. 10 However, as the sidebands of the excitation OTF are much weaker than the zero-frequency central peak, the amplitude of the OTF is rather weak in the areas of depression. For the assumed wavelength, aperture, and integration range, the values are less than 1% of the zero-frequency peak.
It should be noted, though, that for an unconfined object space the zero-frequency peak of the I 5 M OTF becomes a singularity. 27 The peak is finite in Fig. 2 because our calculations are based on a limited integration range of 2.56 m in diameter in the focal plane, which is rather small. For a more realistic, larger range, such as the microscope's field of view, the higher-frequency OTF parts further decrease with respect to the zero-frequency peak, so that the situation is even more unfavorable. Evidently, the singularity poses a challenge when imaging bulky 3D specimens with the I 5 M, as is also the case in conventional microscopy. If the low-spatial-frequency components of the object are weak, i.e., if the sample consists of sparse spots or lines, the situation is less unfavorable, of course.
The convolution with the coherent detection OTF also generates second-order higher-frequency parts, which are rather weak and separated from the low-and midfrequency range by broad gaps (see Fig. 2 ). The weakness and the disconnection of these parts compromise the usability of these components. Evidently, the lateral bandwidth of the OTF of both the SWM and the I 5 M is identical to that of the wide-field case and, of course, narrower than that of the confocalized microscopes.
Next, we analyze the OTF of three variants of the 4Pi confocal microscope and compare them with the other microscopes (Fig. 2) . With the use of focused waves, the 4Pi mode of illumination covers a greater frequency spectrum than the flat standing-wave pattern. In addition, there is no zero-frequency singularity in the OTF. 27 The 4Pi excitation OTF features frequency components in the radial direction that are absent in the SWM and the I 5 M. The effective OTF of the 4Pi confocal microscope of type C is basically given by the convolution of this OTF with a similar OTF calculated for the fluorescence wavelength. Figure 2 shows that the OTF consists of a main maximum that is equivalent to that of the single-lens confocal microscope and higher-frequency components of first and second order. The first-order higher-frequency components are connected to their low-frequency counterparts, forming a contiguous region of support. The lowest value in the first region of depression is 4%. The second-order lobes in the OTF are separated from this region by a narrow local minimum of 1% of the global maximum (see the profile in Fig. 2 ). It is evident from Fourier theory and clearly noticeable in Figs. 1 and 2 that lower lobes of the PSF lead to a better-filled OTF and vanishing depressions. Figure 1 illustrates that two-photon excitation 4Pi confocal microscopy of type A provides a powerful PSF with only one lobe of 18% on either side of the effective PSF. It is based on coherent illumination alone, which facilitates alignment of the system. Since it also features superior imaging properties, it is our choice for current applications. 18 The excitation OTF of the two-photon excitation 4Pi type A microscope resembles the effective OTF of the 4Pi confocal microscope of type C; it is the convolution of the coherent two-lens OTF with itself. A small but observable disadvantage with respect to the SWM and the I 5 M is that the near-infrared wavelength of excitation is connected with narrower spatial bandwidth. An important advantage of the type A microscope over the type C microscope and the I 5 M is the fact that no interference is required for detection.
The effective OTF of the two-photon excitation 4Pi confocal microscope of type A is finally obtained by convoluting with the single-lens detection OTF. Figure 2 reveals that this mode of imaging has a contiguous and almost isotropic region of support. The lowest amplitude of the first depression in the OTF is 32%, which should be contrasted with the 1% of the I 5 M and the 0.02% of the SWM. Coherent detection through both lenses extends the axial region of support even further, which is the basic idea of the two-photon excitation 4Pi confocal microscope of type C.
The dependence of the imaging properties of the I 5 M and the 4Pi confocal microscope on the aperture is revealed by calculating their effective OTF's for NA ϭ 1.25 Fig. 3 . Comparison of the modulus of the OTF's of the SWM, the I 5 M, and the 4Pi confocal type C, two-photon 4Pi confocal type A, and two-photon 4Pi confocal type C microscopes for a numerical aperture of (a) 1.25 (oil) and (b) 1.4 (oil), corresponding to half-aperture angles of 56°and 68°, respectively. The axial profiles through the center of the respective OTF are shown in (b). The profiles reveal that high aperture angles are mandatory for obtaining a contiguous OTF. The OTF of the two-photon 4Pi confocal microscope of type A and type C at NA ϭ 1.4 should be contrasted with the other imaging modes.
and NA ϭ 1.4, featuring 56°and 68°, respectively (Fig. 3) . The comparison shows that an increase in aperture angle is clearly beneficial for the frequency range covered by the OTF. For an ideal NA ϭ 1.4 lens, the depressions in the two-photon 4Pi confocal microscope of type A amount to over 45%. Low aperture angles are unsuitable for axial resolution increase by the coherent use of two objective lenses because of the gaps arising in the OTF.
The PSF and the OTF in Figs. 1 and 2 were calculated for an infinitely small pinhole, which idealizes the confocalized systems to a certain extent. Therefore we have calculated the effect of a finite-sized pinhole on the OTF of the 4Pi confocal microscope of type C, the two-photon type A microscope, and the two-photon type C microscope (Fig.  4) . The calculations were performed for the same parameters as those in Fig. 2 except for a pinhole size corresponding to 87% of the backprojected Airy disk, which is in the commonly used range and also the size used in our experiments. Figure 4 (b) compares the axial profiles through the center of the OTF for the finite pinhole (solid curves) and the infinitesimally small pinhole (dotted curves). For the 4Pi confocal microscope of type C, the amplitudes of the minima of the OTF are approximately the same; however, the lobes of the OTF are lower and narrower in the case of the finite pinhole. In the twophoton excitation case, the situation is reversed: the side maxima are virtually unchanged, whereas the amplitudes of the minima are slightly reduced. However, since the amplitudes in the minima of the OTF of the two-photon excitation microscopes of type A and type C are sufficiently high, the finite pinhole size affects the content of the OTF along the optic axis only weakly.
LINEAR DECONVOLUTION IN THE SPATIAL AND FREQUENCY DOMAINS
The foremost advantage of a contiguous and generally strong OTF is the possibility to apply a linear deconvolution. In the case of missing frequencies, a correct representation of the object in the image can be given only if these frequencies are extracted from a priori knowledge of the object. This extraction is mathematically more complex and often not viable. Linear deconvolution is computationally facile and fast. Speed is of particular importance because the interference artifacts are ideally removed online so that the final image is immediately accessible.
The comparison of the effective OTF's ( Fig. 2) highlighted the severe gaps in that of the SWM, rendering linear deconvolution impossible. Linear deconvolution is reportedly possible in the I 5 M. 11 However, as the gaps in the I 5 M are filled with rather low amplitudes, in the presence of noise, linear deconvolution may not be straightforward and must render artifacts for objects that are either not sparse or do contain spatial frequencies that are transferred only weakly. Because of the contiguity of the OTF and the strong amplitudes throughout its support, 4Pi confocal microscopy fulfills the preconditions for linear deconvolution. In fact, linear (point) deconvolution has been described and successfully applied for the removal of interference artifacts in complex objects such as in a dense filamentous actin 26 and a microtubular network. 18 We shall now place this important procedure on a more general basis, both in the spatial and in the frequency domain. Fig. 4 . OTF's of the 4Pi confocal microscopes of (left) single-photon type C, (center) two-photon type A, and (right) two-photon type C for the same conditions as those in Fig. 2 , except for the fact that a finite-sized detection pinhole diameter was chosen corresponding to 87% of the Airy disk, as is the case also in a practical system. (b) Comparison of the axial profiles through the center of the OTF calculated for the finite pinhole (solid curves) and the infinitesimally small pinhole (dotted curves). The increase of the pinhole diameter reduces the content of the OTF in the depressions; however, the overall performance of the microscopes remains largely unchanged, except for the 4Pi confocal type C microscope, where the depressions may reach low values.
A. Deconvolution in the Spatial Domain
The 4Pi confocal microscope OTF, but not the SWM and I 5 M OTF's, allows us to perform a one-dimensional (1D) linear deconvolution that just eliminates the effects of the lobes in the image. We decompose the axial factor of the PSF (9) into the convolution of a function h peak (z) that describes the shape of a single peak and a lobe function l(z) containing the information about the position and the relative height of the lobes:
From the viewpoint of image processing, h peak (z) plays the role of a blurring function, and l(z) is the replication function that is responsible for the ghost images noticed in unprocessed 4Pi images. Therefore, to remove the interference multiple-maxima effect, we require only the elimination of the effect of the lobe function l(z 
where the constant c equals the sum over all components of l. As an illustration, we give the component notation of Eq. (11) in five dimensions:
As it is impossible to satisfy the equations at the edges of the inverse filter l Ϫ1 , it only approximately inverts the convolution d of an object o with l:
This can be exemplified as follows. 
Ϫ1 can be satisfied only for l Ϫ2 Ϫ1 ϭ l Ϫ2 Ϫ1 ϭ 0. This condition is fulfilled in good approximation for firstorder lobes l 1 below 45%. In this case, the error is practically not observable because the higher-index elements of l Ϫ1 are vanishing. A typical length of l Ϫ1 is 11. In conjunction with a lobe height of 45%, the component l Ϫ5 features a modulus below 1% of the filter maximum at l 0 . For lobes of 35% relative height, the component l Ϫ5 drops to a value of only approximately 0.08%. Thus the separability of the 4Pi confocal PSF allows a fast way of rendering a single main maximum. As the inverse filter l Ϫ1 is discrete and nonzero at only a few points, we refer to this deconvolution in the object space as point deconvolution.
B. Deconvolution in the Frequency Domain
Let G(k) be the Fourier transform of the measured image and H(k) be the OTF. The transform of the regularized linear least-squares solution for the object F(k) is given by
where is the regularization parameter. 28 sets a lower bound on the denominator to avoid amplification of frequencies where ͉H(k)͉ 2 is small and G(k) is dominated by noise. If H(k) is a convex function, the effect of is a smoothing. In the case of a nonconvex OTF, the situation is more complicated because small values are found not only at the boundaries of the OTF but also in central parts of its support, for example in the vicinity of the minima or at the frequency gaps (Fig. 2) . If the lobes are too high, the level of the minima of the OTF is comparable with or smaller than the noise level. This is definitely the case in the SWM, but also in the presence of a slight aberration in the I 5 M and in a more aberrated 4Pi confocal setting. In this case, a adequate to avoid noise artifacts renders an image solution F(k) with lobe artifacts.
We shall show next that for a linear deconvolution the critical height of the primary lobes is 50%. Let d denote the distance between the peaks of the PSF. We further assume that the object is a plane wave p(z) ϭ sin 2 (z/2d), where the distance of the maxima is 2d. If we assume that the distance between the maximum and the lobes is also d, that is, l(z ϭ d) ϭ l(z ϭ Ϫd) ϭ 0.5 and l(z ϭ 0) ϭ 1, the convolution p(z) l(z) ϭ sin 2 (z/2d) ϩ (2)(0.5)cos 2 (z/2d) ϭ 1. In conclusion, the frequency representing the axial distance 2d is completely removed. In other words, if the lobes are 50% (and higher), the frequency represented by the lobes is not transferred by the OTF. In practice, the critical lobe height at which the OTF first contains zeros is shifted to a value slightly above 50%. The reason is the effect of the secondary lobes in the PSF, which is neglected in the above example. Still, the 50% threshold is an excellent rule of thumb that applies to the SWM, the I 5 M, and the 4Pi confocal microscope as well, for fundamental reasons.
In our two-photon 4Pi confocal setup of type A, we use an avalanche photodiode as a detector with a typical dark count rate Ͻ1 count/pixel, which is negligible. 9 Hence the only significant source of noise is the Poisson noise of the photon-counting process. The Poisson noise is manifested in the data G(k) as white noise that does not depend on k.
In the frequency space, Eq. (11) reads as
where L(k) is the transform of the lobe function l(z) and F p (k) is the lobe-free solution. Since the primary lobes are experimentally well below 50%, the first minima of the OTF are at 19%, which is well above the noise level of typically 0.5%-1%. Therefore the use of a regularization parameter is not compelling; we set ϭ 0. In this case, the deconvolution is not compromised by the regularization factor. Moreover, we shall now demonstrate that the properties of the 4Pi confocal OTF allow the removal of the interference lobes by direct Fourier inversion, which is the ideal form of deconvolution. A description of the experimental setup and the samples is given elsewhere. The experimental OTF is shown in Fig. 5(a) , as derived from the image of a fluorescent bead by a 3D Fourier transform. The bead featured a diameter of 93 nm and a maximum emission wavelength of 560 nm. Two-photon excitation was performed at 800 nm. Figure 5 impressively shows the similarity between the theoretically predicted OTF calculated for the pinhole diameter of 87% of the backprojected Airy disk (dotted curve) used in the setup and the experimental finding (solid curves). Note the periodic structure and the values at the depressions in both cases. The experiment confirms not only the secondary lobes of the OTF but also the contiguity of the OTF. The measured amplitude of the local minima is 19%, which compares well with the values of 21% predicted by the theory. Figure 5 demonstrates that the periodically structured (fringed) 4Pi confocal OTF is transformed into a monotonically declining effective OTF by a simple multiplication with L Ϫ1 (k), as suggested in Eq. (15) . It is understood that the multiplications are performed with the complex numbers. L Ϫ1 (k) indeed removes the local minima in the OTF that are responsible for the lobes and the interference artifacts in the spatial domain. The necessity for nonvanishing amplitudes becomes apparent again. If the 4Pi confocal OTF had regions close to zero, as we have theoretically described for the I 5 M, the multiplication with a high number in this region would result in strong amplification of noise and therefore compromise the results. In the SWM, this removal of interference artifacts is virtually impossible.
Lobe removal by direct inversion also works with complex objects, as demonstrated with the fluorescently labeled microtubular network of a mammalian cell. The linear deconvolution in the spatial domain and the corresponding direct inversion in the frequency domain lead to virtually identical results, as illustrated in Fig. 6 ; just one resulting image is shown in Fig. 6 because the two images do not exhibit noteworthy differences in the hardcopy. We found that both final 4Pi confocal images are free from artifacts, thus underlining the ruggedness and the selfconsistency of the linear deconvolution. The comparison with the confocal image reveals the fourfold improved axial resolution of the 4Pi confocal technique.
DISCUSSION
Although the SWM, the I 5 M, and the 4Pi confocal microscope all use interfering counterpropagating beams, the detailed study of their imaging properties disclosed fundamental differences. The differences are most notable in the effective PSF and OTF of these microscopes, as shown in Figs. 1 and 2 . The major discrepancy between the effective PSF's of the SWM and the I 5 M on the one hand, and the 4Pi confocal microscope on the other, is the fact that in the 4Pi confocal microscopes the PSF is spatially more confined. The PSF's in the I 5 M and even more so in the SWM exhibit pronounced interference fringes of higher order in their outer region. In contrast to the currently practiced two-photon excitation 4Pi version, the PSF falls off very steeply with departure from the focal point, so that the otherwise 3D deconvolution is reduced to a 1D linear problem.
It is important that in the SWM and the I 5 M the fringes of the PSF are manifested not only along the optic axis but also in the lateral direction. Therefore the removal of artifacts, if possible at all, requires a full 3D deconvolution with the 3D PSF. This also implies the acquisition of a complete 3D data stack and a more elaborate offline deconvolution. Because of its spatial confinement, the 4Pi confocal PSF can be factorized into a lateral and an axial function, which in turn uniquely enable a fast (point) deconvolution that is specialized at the removal of the interference fringe structures and renders the final image during data acquisition. Therefore care should be exerted when comparing the speed of imaging of these microscopes. The scanning procedure in a 4Pi confocal microscope is certainly slower than the wide-field imaging in the SWM and the I 5 M. However, in 4Pi confocal microscopy for the axial separation of objects, it is sufficient to perform a single axial scan. Likewise, the linear deconvolution is carried out online, which renders the final image immediately.
Our study has also revealed that the linear deconvolution is effectively performed in the classical way, namely, by direct Fourier inversion. This is accomplished in genuine object data and without the requirement for regularization. The superiority of the 4Pi confocal microscopes with respect to the suitability for deconvolution is also reflected in the OTF. We have shown that the OTF of a SWM exhibits gaps along the optic axis that make the removal of the interference artifacts virtually impossible. The OTF of the I 5 M is superior in this respect because it is nonzero throughout its support. Still, it is very weak over a considerable region when compared with the strong zero-frequency peak. Hence, to benefit from its contiguity, I 5 M data must be recorded with a very high signal-to-noise ratio and it may be applicable only to sparse nonextended objects such as points or sparse fine lines. The use of cooled CCD cameras with low intrinsic noise is mandatory in these microscopes. The OTF's of the 4Pi confocal microscopes are contiguous. In the critical regions of the OTF, the theoretical (Fig. 2) and the experimental (Fig. 5) 4Pi confocal OTF exhibits significant values in the 19%-32% range. This feature is of key relevance to the removal of the interference artifacts and hence for unambiguous, object-independent 3D microscopy with improved axial resolution.
The laterally broader excitation OTF of the 4Pi confocal microscope leads to a better filling of its effective OTF. The broader OTF is rooted in the fact that the light is focused to a point. Hence, while scanning with a focused beam inevitably reduces imaging speed, it also results in fundamentally better imaging properties of the micro- scope. An intuitive explanation for the superiority of the spherical waves is that their coherent addition is the only mode that truly increases the total aperture of the microscope.
Flat-field standing-wave excitation inherent in the I 5 M and the SWM trades off collected frequencies. The loss of optical frequencies is so significant (Fig. 2) that the ability to provide unambiguous axial resolution is put at risk. Our OTF study corroborates previous studies 15 that in the SWM it is virtually impossible to unambiguously distinguish two axially separated objects-apart from the self-evident case where the object is thinner than half of the wavelength. In this sense, our study may also provide the theoretical background as to why the SWM, in spite of its early success in producing thin stapled layers of excitation, to the best of our knowledge, has not yet provided evidence for unambiguous axial imaging of axially extended objects. Images such as those in Fig. 6 and published elsewhere 9, 11, 18, 29 cannot be accomplished with the SWM for fundamental physical reasons. However, similar axial resolution improvement and imaging are reportedly possible with the I 5 M combined with offline image restoration 11 ; the success is ultimately rooted in the properties of the OTF discussed herein.
It has been suggested that by combining the I 5 M with fringe pattern illumination and subsequent image restoration, one can alleviate the problem of the zerofrequency peak singularity in the I 5 M. 30, 31 In principle, one can also increase the lateral resolution up to that of (restored) confocal microscopy with this fringe pattern illumination wide-field scheme. If we leave aside the technical complexity of controlling the interference patterns of typically four pairs of beams, this suggestion just confirms our view that an unambiguous axial resolution requires the employment of a wider angular spectrum. In fact, the spherical beams in a 4Pi confocal microscope can be regarded as a complete spectrum of interfering plane waves coming from all angles available. Hence, from the standpoint of imaging theory, the combination of the I 5 M with fringe pattern illumination is a modification of the I 5 M toward a scheme that is more similar to the 4Pi arrangement; the improvements of the OTF are gained by conditions that are more similar to the focusing conditions found in the 4Pi confocal microscope. In real samples, the OTF of the microscopes is compromised by aberrations that were not included in our comparison of concepts. Residual misalignments induced by slight variations of the refractive index in the sample will play a role. However, successful 4Pi confocal imaging of the mouse fibroblast cytoskeleton 18 and the recent I 5 M imaging of similar structures 11 have revealed that aberration effects are surmountable. Still, we expect that important benefits of a filled OTF are ruggedness of operation and lower amenability to potential misalignment.
It is evident that image deconvolution requires the prior knowledge of the PSF and hence its explicit determination with a pointlike object. This is particularly important, as the PSF, and the complex OTF of course, depend on the relative phase of the two counterpropagating wave fronts. It has been shown that in 4Pi confocal microscopy the particular mode of the interference, whether it is constructive, destructive, or anything in between, is of lesser importance. 29 The same may apply also for the other concepts. So far, the structure of the PSF has been determined by measuring the response of test objects, such as fibers or fluorescent beads. Future developments may include a direct extraction of the relative phase from complex image data.
CONCLUSION
In spite of the fact that the SWM, the I 5 M, and the 4Pi confocal microscope all use interference to improve the axial resolution in fluorescence microscopy, they fundamentally differ in their imaging properties and hence in their resolution abilities. The SWM and the I 5 M are not wide-field versions of 4Pi confocal microscopes, and conversely, the latter is not a scanning version of the first two. Basic differences between the contiguity and the strength of their OTF's determine whether a particular system is able to axially superresolve at all. These optical properties are so critical that they outweigh by far the relevance of the more obvious technical differences.
For realistic aperture angles, the inherent lack of contiguity of the OTF in the SWM most likely renders the removal of interference ambiguities impossible. The I 5 M becomes more viable through filling the frequency gaps present in the SWM, albeit with values that are weak with respect to the zero-frequency components. This system will be challenged by objects that do not primarily consist of sparse points or lines. The OTF of a 4Pi confocal microscope is filled and contiguous, which is a prerequisite of attaining fast and unambiguous threefold-tosevenfold improved axial resolution in an object, irrespective of its structure. In the SWM and the I 5 M, the speed benefit brought about by parallelization through flat-field excitation is bought at the expense of uncertainties in the image. It becomes apparent that a multifocal 4Pi confocal microscope has the potential to parallelize imaging while still providing a superior coverage of the object frequencies.
In conclusion, the mere generation of an interference pattern is insufficient for improving the axial resolution with two coherently used opposing lenses. The key to axial resolution improvement is the creation of conditions that allow the elimination of the effect of multiple interference fringes. The comparative study of the SWM, the I 5 M, and the (two-photon) 4Pi confocal microscope from the standpoint of imaging theory reveals that this problem has been solved in the latter.
